Cyclic AMP (cAMP) 
SUMMARY
Cyclic AMP (cAMP) and Ca 2+ are key regulators of exocytosis in many cells, including insulin-secreting β-cells. Glucose-stimulated insulin secretion from β-cells is pulsatile and involves oscillations of the cytoplasmic Ca 2+ concentration ([Ca 2+ ] i ), but little is known about the detailed kinetics of cAMP signalling. Using evanescent-wave fluorescence imaging we found that glucose induces pronounced oscillations of cAMP in the sub-membrane space of single MIN6-and primary mouse β-cells. These oscillations were preceded and enhanced by elevations of [Ca 2+ ] i . However, conditions raising cytoplasmic ATP could trigger cAMP elevations without accompanying [Ca 2+ ] i rise, indicating that adenylyl cyclase activity may be controlled also by the substrate concentration. The cAMP oscillations correlated with pulsatile insulin release. Whereas elevation of cAMP enhanced secretion, inhibition of adenylyl cyclases suppressed both cAMP oscillations and pulsatile insulin release. We conclude that cell metabolism directly controls cAMP, and that glucose-induced cAMP oscillations regulate the magnitude and kinetics of insulin exocytosis.
INTRODUCTION
Glucose is the main physiological stimulus for insulin secretion from pancreatic β-cells. The stimulus-secretion coupling involves metabolism of the sugar, which leads to increase of the cytoplasmic ATP/ADP ratio and closure of ATP-sensitive K + (K ATP ) channels in the plasma membrane. The resulting depolarization triggers influx of Ca 2+ through voltage-dependent Ca 2+ channels and exocytosis of insulin secretory granules (Henquin, 2000) . The glucoseinduced depolarization and Ca 2+ influx are periodic and the ensuing oscillations of the cytoplasmic Ca 2+ concentration ([Ca 2+ ] i ) results in pulsatile insulin release (Gilon et al., 1993; Bergsten et al., 1994) . In isolated β-cells the dominating [Ca 2+ ] i oscillation frequency is 0.1-0.5 min -1 , but faster (2-6 min -1 ) oscillations and mixed patterns also occur, especially in β-cells located in islets of Langerhans (Valdeolmillos et al., 1989; Liu et al., 1998) . Glucose stimulates insulin secretion also at steps distal to the elevation of [Ca 2+ ] i (Henquin, 2000) . The mechanisms underlying this effect are unclear, but may involve changes in the ATP/ADP ratio. Although glucose-induced [Ca 2+ ] i oscillations trigger pulsatile insulin release, secretion remains pulsatile also when [Ca 2+ ] i is stable (Westerlund et al., 1997) . Thus, apart from Ca 2+ , other factors controlling secretion can be expected to oscillate in β-cells. There is evidence that metabolism oscillates in parallel with [Ca al., 1997; Takahashi et al., 1999; Eliasson et al., 2003; Dyachok and Gylfe, 2004; Seino and Shibasaki, 2005) . Glucose was early found to cause elevation of cAMP in β-cells (Charles et al., 1973; Grill and Cerasi, 1973) . However, since the reported effects were modest (Charles et al., 1973; Hellman et al., 1974; Schuit and Pipeleers, 1985) , and cAMP alone is a poor trigger of insulin secretion (Hellman et al., 1974; Wollheim and Sharp, 1981; Prentki and Matschinsky, 1987) , a view has emerged that cAMP is of minor importance for glucoseinduced insulin secretion. Instead, cAMP is regarded to mediate the amplification of insulin secretion by glucagon and incretin hormones, such as glucagon-like peptide-1 (GLP-1).
Glucose potently amplifies the hormone-induced elevations of cAMP, an effect proposed to be mediated by the elevation of [Ca 2+ ] i (Delmeire et al., 2003) . In contrast to [Ca 2+ ] i signalling, which has been extensively characterized, little is known about the spatio-temporal kinetics of cAMP. Using a fluorescence resonance energy transfer biosensor glucose was recently found to trigger concurrent cAMP and [Ca 2+ ] i elevation in individual MIN6 β-cells 
RESULTS

Glucose triggers oscillations of [cAMP] i
Mouse-derived MIN6 β-cells were transfected with a fluorescent translocation biosensor comprised of a truncated and membrane-anchored PKA regulatory subunit tagged with cyan fluorescent protein (ΔRIIβ-CFP-CAAX), and a catalytic subunit labelled with yellow fluorescent protein (Cα-YFP) (Dyachok et al., 2006 Figure 1A ).
When the glucose concentration was raised from 3 to 11 mM, there was a temporary decrease of [cAMP] i (Δratio=0.043±0.006, p<0.001, n=28) followed after some delay (3.54±0.23 min, n=28) by a rapid rise (t 1/2 =0.63±0.17 min, n=28) and pronounced oscillations ( Figure 1A ). The oscillatory pattern varied among cells with frequencies in the 0.07-1.8 min oscillations in mouse β-cells were abolished by 5 µM adrenaline (n=15; Figure 1B ), consistent with α 2 -adrenergic suppression of adenylyl cyclase activity in β-cells (Schuit and Pipeleers, 1986) . A similar effect was observed in MIN6-cells exposed to 3 µM adrenaline (n=9; not shown) or noradrenaline (n=6; Figure 1C ), or to 50 µM of the adenylyl cyclase inhibitor 2',5'-dideoxyadenosine (DDA; n=8; Figure 1D ).
Ca 2+ amplifies, but is not essential for glucose-induced oscillations of [cAMP] i
Like primary β-cells from rodents and humans ] i , which has been proposed to play an important role in β-cell generation and degradation of cAMP (Sharp, 1979; Prentki and Matschinsky, 1987; Delmeire et al., 2003; Landa et al., 2005) Figure 2A ) or in Ca
2+
-deficient medium containing 2 mM EGTA (24±7% of control, n=5, p<0.001; Figure 2B ). Also in primary mouse β-cells the
[cAMP] i oscillations were significantly suppressed, but not completely abolished, by Ca 2+ removal (n=6; average ratio 24±8% of control; Figure 2C ). Simultaneous measurements of ] i ( Figure 2D , F) with a time difference of 40±4 s (n=54; range 2.5-103 s; Figure   2F ) between half-maximal elevations. ] i in the remaining 6 cells (time difference 9-320 s; Figure S2 ). As in the fura-2 measurements, (Chow et al., 1995) below a permissive level for basal cAMP production.
cAMP production is directly stimulated by cell metabolism
There is evidence that β-cell metabolism is oscillatory and that these oscillations may underlie those of [Ca 2+ ] i (Longo et al., 1991; Nilsson et al., 1996; Jung et al., 2000 Figure 3B ). This response was much enhanced when the cells were restimulated in the presence of 11 mM glucose (2.5±0.4 fold, n=6, p<0.02; Figure 3B ). Likewise, when the glucose concentration was elevated from 3 to 11 mM during depolarization with 30 mM K + in the presence of To test whether ATP, the substrate for adenylyl cyclases, may be the mediator of the metabolically stimulated adenylyl cyclase activity, we investigated the effect of a sudden suppression of cellular ATP consumption by ouabain inhibition of the Na
Ouabain has previously been found to suppress K ATP channel activity in β-cells by increasing the ATP concentration beneath the plasma membrane (Grapengiesser et al., 1993) . 
DISCUSSION
cAMP is a key regulator of exocytosis in many cells and has long been known as a potent amplifier of insulin secretion (Hellman et al., 1974; Sharp, 1979; Prentki and Matschinsky, 1987 ] i have also been reported in other types of cells (Gorbunova and Spitzer, 2002; Dunn et al., 2006; Willoughby and Cooper, 2006 ] i we prepared a modified cAMP probe with the PKA regulatory subunit lacking the CFP tag and another one in which also the YFP label of the catalytic subunit was replaced with CFP. The GFP 4 -GRP1 construct was generated by ligating the fullength GRP1 protein in frame with four copies of GFP. The plasmids containing the CFP-tagged PH domain from Akt and YFP-tagged VAMP2 were originally from Professor Tobias Meyer, Stanford University.
Construction of recombinant adenoviruses
Recombinant adenovirus vectors expressing the cAMP biosensor subunits under the transcriptional control of a tetracycline-regulatable promoter were created in several steps. First, ∆RIIβ-CFP-CAAX
and Cα-YFP cDNA were PCR amplified with primers containing BclI and BamHI restriction sites.
The products were ligated into the pShuttleTetTripLac-BamHI transfer vector (Berenjian and Akusjärvi, 2006) . The resulting pShuttleTetTripLac-∆RIIβ-CFP-CAAX and pShuttleTetTripLac-Cα-YFP transfer vectors were linearized with PmeI and transformed into electrocompetent BJ5183 E. coli containing the plasmid pAd-Tet-ON. This plasmid contains the full-length adenovirus genome (Ad5) with deleted E1 and E3 regions (Berenjian and Akusjärvi, 2006) . The desired recombinant adenovirus constructs were generated by overlap recombination (He et al., 1998) Virus bands were collected and dialyzed against 100 volumes of PBS containing 1 mM CaCl 2 , 1 mM MgCl 2 and 10% glycerol, using a Slide-A-Lyzer Cassette (Pierce, Rockford, IL). Virus titres were determined by counting Fluorescent Forming Units (FFU) (Philipson, 1961) using a monoclonal antibody directed against the adenovirus hexon protein (Sigma) and a FITC-conjugated secondary antibody (Sigma). Construction of the AdCMVrtTA virus containing the tetracycline-regulated transcriptional coactivator has been described previously (Molin et al., 1998) .
Islet isolation, cell culture and transfection
Insulin-secreting MIN6 β-cells (passage 17-30; (Miyazaki et al., 1990) ) were cultured as previously described (Idevall-Hagren and Tengholm, 2006) . Transient transfection was performed with 2 µg plasmid DNA and 5 µg Lipofectamine 2000 (Invitrogen) in 1 mL DMEM during 4 h followed by washing and further culture in DMEM for 12-24 h. Islets were isolated from the pancreata of C57Bl/6 mice with the aid of collagenase. All procedures were approved by a local ethical committee on animal experiments. Single cells were prepared by shaking the islets in a Ca 2+ -deficient medium. After resuspension in RPMI 1640 medium supplemented with 10% foetal calf serum, 100 IU/ml penicillin and 100 µg/ml streptomycin the cells were allowed to attach to the centre of round coverslips during 2-5 days culture at 37 ºC in an atmosphere of 5% CO 2 in humidified air. The islet cells were infected with viruses using a multiplicity of infection of 60 FFU/cell. After 1h incubation at 37ºC in culture medium, the inoculum was removed and the cells washed twice, followed by further culture in complete medium supplemented with 4 µM doxycycline for 24 h. Before experiments, the cells were transferred to a buffer containing 125 mM NaCl, 4.8 mM KCl, 1.3 mM CaCl 2 , 1.2 mM MgCl 2 and 25 mM HEPES with pH adjusted to 7.40 with NaOH, and incubated for 30 min at 37 ºC. 
Cell permeabilization
Where indicated, the cells were permeabilized with α-toxin from Staphylococcus aureus (PhPlate Stockholm, Stockholm, Sweden). Before permeabilization, the cells were superfused with an intracellular-like medium containing 140 mM KCl, 6 mM NaCl, 0.1 mM EGTA and 10 mM HEPES with pH adjusted to 7.00 with KOH. Temporarily interrupting the perifusion, 5 µl α-toxin (0.46 mg/ml) was added directly into the 50-µl superfusion chamber. After permeabilization 1-4 mM MgATP was added to the medium and the concentrations of free Mg 2+ and Ca 2+ were maintained at 1 mM and 350 nM, respectively.
Fluorescence microscopy
Plasma membrane association of the fluorescent protein-tagged PKA subunits and PIP 3 -binding proteins were measured using a dual wavelength evanescent wave microscopy setup built around an E600FN upright microscope (Nikon, Kanagawa, Japan). A helium-cadmium laser (Kimmon, Tokyo, 
Data and statistical analysis
Image analysis was made using the MetaFluor or ImageJ (W. S. Rasband, National Institute of Health, http://rsb.info.nih.gov/ij) softwares. The cAMP concentration was expressed as the ratio of CFP over YFP fluorescence after background subtraction. To compensate for the variability in expression levels the basal ratio was normalized to unity. Response magnitudes were calculated from time-average data obtained before and during the stimulation period. [Ca 2+ ] i recorded with fura-2 is expressed either as 340/380 nm fluorescence excitation ratio or as calibrated Ca 2+ concentrations (Grynkiewicz et al., 1985) . Fluorescence intensities were otherwise expressed in relation to initial fluorescence after subtraction of background (F/F 0 
Supplemental data
Supplemental data include 3 figures.
Charles, M. A., Fanska, R., Schmid, F. G., Forsham, P. H., and Grodsky, G. M. (1973) . (B, C) Evanescent wave microscopy recordings of the PIP 3 response induced by 300 nM exogenous insulin. 2',5'-dideoxyadenosine (DDA) at 100 µM caused a modest suppression (8±5%, n=12; not significant) and 100 µM 3-isobutyl-1-methyl-xanthine (IBMX) a small increase (9±6%, n=20; not significant) of the insulin response. It is concluded that changes of
[cAMP] i has little effect on β-cell PI3-kinase activity.
